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Edited by Ulrike KutayAbstract A small regulatory cb protein of the Poa semilatent
hordeivirus (PSLV) contains two zinc ﬁnger-like motifs sepa-
rated by a basic motif in the N-terminal part and a C-terminal
coiled-coil motif. Interactions of the recombinant PSLV cb pro-
tein and its mutants with various RNAs (ssRNA, dsRNA,
ssRNA oligonucleotides) and ssDNA were studied in gel-shift as-
says. The results demonstrated that zinc ions are essential for
eﬀective nucleic-acid-binding activity of the cb protein, suggest-
ing the important role of zinc ﬁnger motifs in these interactions.
Deletion of the C-proximal coiled-coil region did not aﬀect
highly cooperative RNA–protein binding, indicating that the
N-terminal part of the protein contributes to the protein–protein
interactions needed for the protein–RNA cooperativity.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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RNA-binding1. Introduction
RNAc of hordeiviruses encodes a small cysteine-rich cb pro-
tein that aﬀects pathogenesis, contributes to systemic viral
infection and functions in suppression of host RNA silencing
[1–6]. In their N-terminal part hordeiviral cb proteins contain
two clusters of cysteine residues arranged in zinc ﬁnger-like
motifs (ZnF). The two zinc ﬁnger-like motifs are separated
by a basic motif (BM), rich in lysine and arginine residues.
The C-terminal region of the proteins is predicted to form a
coiled-coil structure [2,7–9]. Mutational analysis of the Barley
stripe mosaic virus (BSMV) cb protein revealed the functional
role of diﬀerent regions (including ZnFs) in the development of
viral infection, regulation of viral protein expression and sup-
pression of RNA silencing [1–3,5]. Although the functional
role of hordeiviral cb proteins is well-studied in vivo, data con-
cerning biochemical properties of these proteins and the role of
putative ZnFs are limited. Earlier, it has been shown that the
BSMV cb protein can interact with ssRNA in a sequence
non-speciﬁc manner [10] and that it contains three zinc-binding
sites in the N-terminal part [6].Abbreviations: BM, basic motif; BSMV, barley stripe mosaic virus; CC,
coiled-coil motif; PSLV, poa semilatent virus; ZnF, zinc ﬁnger motif
*Corresponding author. Fax: +7 495 9393181.
E-mail address: kalinina@genebee.msu.ru (N.O. Kalinina).
1 Present address: Sainsbury Laboratory John Innes Centre, Norwich
Research Park, Colney Lane, Norwich NR4 7UH, UK.
0014-5793/$32.00  2006 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2006.08.032ZnF are involved in diverse functions including protein–
DNA interactions, protein folding and protein–protein inter-
actions [11]. Although ZnFs are most often studied as
sequence-speciﬁc DNA-binding transcription factors, it has
become clear that certain classes of ZnF can function as
RNA-binding motifs [12–14].
In the present work we describe a detailed analysis of the non-
speciﬁc RNA-binding properties of the Poa semilatent virus
(PSLV) cb protein (genus Hordeivirus). This protein shares a
substantial amount of sequence and predicted structural simi-
larity with the BSMV cb protein [9]. We demonstrated that zinc
ions play an important role in cb protein–RNA interactions
and, together with the basic motif, the ZnF motifs contribute
to RNA-binding.2. Materials and methods
2.1. Construction of recombinant clones
DNA manipulations and cloning were carried out using standard
procedures. To obtain a vector expressing a 6-His-tagged cb protein,
NcoI and ApaI sites were introduced into PQE31 plasmid to yield
PQE31* plasmid. The PSLV cb gene was cloned from the BcP plasmid
[4] into PQE31* as an NcoI–BamHI fragment, and used for mutagen-
esis of the ZnF1, BM, ZnF2 and coiled-coil regions (primer sequences
and detailed description of cloning procedures are available in the on
line accompanying materials). To obtain the ZnF1 mutant (Fig. 1), the
N-terminal zinc ﬁnger-like motif was modiﬁed by substitution the cys-
teine residues at positions 6 and 9 with serines. The PSLV cb gene was
ampliﬁed by PCR in the presence of speciﬁc oligonucleotides and the
resulting PCR product was cloned into PQE31* plasmid as an NcoI
and BamHI fragment. The BM mutant was obtained by replacing
basic amino acids at positions 39, 40, 42 and 43 with isoleucine, ala-
nine, serine and leucine residues, respectively. To obtain this mutant,
part of the PSLV cb gene sequence was ampliﬁed by PCR in the pres-
ence of speciﬁc oligonucleotides and cloned into BcP plasmid as an
NcoI and NheI fragment, and then to PQE31* plasmid as an NcoI
and BamHI fragment. The ZnF2 mutant contained substitutions of
three cysteine residues at positions 59, 69, 89 and one histidine residue
at position 93 with two serine and two alanine residues, respectively
(Fig. 1).To obtain this mutant, the PSLV cb gene was ampliﬁed by
PCR using three pairs of primers, and the resulting PCR products were
cloned into NcoI and BamHI digested PQE31* plasmid as NcoI and
EcoRI, EcoRI and NheI, NheI and BamHI fragments, respectively.
The coiled-coil (dCC) mutant with a deletion of the predicted coiled-
coil region (residues 115–174) was constructed by ampliﬁcation of
the PSLV cb gene and subsequent cloning into PQE31* as an NcoI-
BamHI fragment.
2.2. Expression and puriﬁcation of histidine-tagged recombinant proteins
Escherichia coli strain M15 transformed with the recombinant vec-
tors was grown at 37 C in liquid medium until an OD600 of 0.8–0.9
was reached. Protein expression was induced with 1 mM IPTG fol-
lowed by incubation for 2–3 h at room temperature. Puriﬁcation of
recombinant proteins was performed using a general procedure
described by the manufacturer (QIAGEN) for denaturing Ni-NTA
chromatography.blished by Elsevier B.V. All rights reserved.
Fig. 1. PSLV cb protein and its mutants. (A) Putative domain structure of the wild-type cb protein of the Poa semilatent virus. Predicted zinc ﬁnger
motifs are shown as loops containing cysteine (C) and histidine (H) residues. Positively charged amino acid residues (arginines and lysines) of the
basic motif are marked with ‘‘+’’. The coiled-coil structure is illustrated as a helix. Replaced amino acid residues are indicated for each mutant. (B)
Recombinant PSLV cb protein and its mutants were expressed in Escherichia coli as 6-His-fusions, puriﬁed using Ni-NTA chromatography and
subjected to 15% SDS–PAGE. The gel was stained with Coomassie brilliant blue.
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Portions of iminodiacetic acid-Sepharose 6B (Sigma) were saturated
with various divalent metal cations, namely, Mg2+, Ca2+, Mn2+, Cu2+
and Zn2+ (added as the chloride salts), according to the manufacturer’s
protocol. The cb protein (2 lg) was added to 50-ll aliquots of the cat-
ion-saturated resins and incubated for 30 min at room temperature in a
binding buﬀer A (10 mM Tris/HCl; pH 7.5; 1 mM DTT; 300 mM
NaCl). Then, the resins were washed three times with 500 ll of the buf-
fer A, boiled for 3 min in the Laemmli sample buﬀer and the resulting
samples were subjected to 15% SDS–PAGE. After electrophoresis the
gel was stained with Coomassie brilliant blue R.
2.4. RNA-binding assay (gel-shift assay)
Tobacco mosaic virus (TMV) RNA and other RNAs or DNAs as
indicated, were incubated with various concentrations of a protein
for 15 min on ice in 30 ll of MgCl2-containing buﬀer (TMB)
(10 mM Tris/HCl; pH 7.5; 1 mM MgCl2; 1 mM DTT; 50 mM NaCl),
or ZnCl2-containing buﬀer (TZB) (10 mM Tris/HCl; pH 7.5; 1 mM
ZnCl2; 1 mM DTT; 50 mM NaCl). Samples were analyzed in ethidium
bromide-containing 1% agarose gels in 1·Tris/acetate buﬀer. The
amount of free RNA was determined as follows: gels were stained with
ethidium bromide, photographed in UV light (320 nm) and the images
were analyzed using the Gel-Pro Analyser 3.2 program. The values of
Hill coeﬃcient, an indicator of the cooperativity of RNA-binding (as
described in [15]), were calculated using Hill transformation of the
RNA-binding data obtained in repeated experiments. An apparent dis-
sociation constant (Kd) for protein–RNA interaction, the concentra-
tion of the protein at which 50% of RNA was retarded, was also
determined on the basis of these data.
In some experiments, synthetic RNA or DNA oligonucleotides
(21 nt long) were used in binding assays. Double-stranded (ds) oligo-
nucleotides were formed by annealing equimolar mixtures of comple-
mentary single-stranded (ss) oligonucleotides in 10 mM Tris/HCl; pH
7.5; 100 mM KCl by boiling for 5 min followed by cooling to room
temperature over a period of 2 h in a water bath. Binding assays were
conducted as described above and the complexes were subjected to
10% PAGE in Tris/acetate buﬀer. For competition analyses, ssRNA
oligonucleotides (21 nt) were labelled at the 5 0 end with [c-32P]ATP
using polynucleotide kinase from T4-infected E. coli (Sigma) according
to the manufacturer’s protocol. Complexes of the protein with radio-labelled ssRNA oligonucleotide were formed as described above and
then competitors (ss/ds RNA or ss/ds DNA of the same size) were
added at 10- or 100-fold excess. After an additional incubation for
30 min on ice, the samples were subjected to 10% PAGE, the gel was
dried and exposed to an X-ray ﬁlm.
To study the PSLV cb protein ability to bind dsRNA compared to
ssRNA, 300 nt long ds and ssRNA substrates were obtained. A 250-bp
long fragment containing the 5 0 proximal part of the GFP gene was
cloned into PGEM-3Z plasmid. The resulting plasmid was linearized
by digestion with either HindIII, or EcoRI and used as a template
for subsequent transcription with T7 or SP6 RNA polymerase, respec-
tively. The transcripts were puriﬁed by phenol–chloroform extraction,
precipitated with ethanol and used in retardation assays.The dsRNA
was formed as described above for oligonucleotides.3. Results
3.1. Zinc ions increase cooperative non-speciﬁc RNA-binding
activity of the recombinant PSLV cb protein
A schematic representation of the PSLV cb protein is shown
in Fig. 1. The cb protein contains two ZnF-like motifs in the
amino terminal part. These include an N-terminal ZnF1 of
C(2)–C(2) type (cysteine residues 6, 9, 28 and 32) and a central
ZnF2 of CCCH type (cysteine residues 59, 69, 89 and histidine
residue 93) that are separated by a BM with basic amino acids
at residues 34, 39, 40, 42 and 43. The C-terminus contains six
heptad repeats of a coiled-coil motif residing between amino-
acid residues 115–174 [4,8,9].
The PSLV cb protein was able to bind Zn2+ eﬃciently and
Cu2+ with less eﬃciency when incubated with divalent metal
chelate aﬃnity resins (iminodiacetic acid-Sepharose 6B) in
which various divalent metal cations were immobilized via imi-
noacetic acid (Fig. 2A). In order to reveal possible inﬂuences of
these cations on the cb protein RNA-binding activity, 1 mM of
Fig. 2. Interactions of the PSLV cb protein with metal cation-
saturated resins (pull-down assay) (A) and with TMV RNA (gel-shift
assay) (B). (A) The cb protein was incubated with various divalent
metal cation-saturated resins. Resins were washed, boiled in Laemmli
sample buﬀer and samples were subjected to 15% SDS–PAGE. The gel
was stained with Coomassie brilliant blue. Lane marked ‘control’ is a
sample with no protein added. (B) The cb protein was incubated with
TMV RNA in buﬀers containing various divalent metal cations as
chloride salts and analyzed in 1% agarose non-denaturing gels
containing ethidium bromide (protein:RNA molar ratios indicated
above each lane). Lane marked ‘RNA’ is a sample with no protein
added.
Fig. 3. Gel-shift assay for RNA-binding activity of the cb protein in Mg
Increasing amounts of the cb protein were incubated with 0.5 lg of TMV RN
Protein:RNA molar ratios are indicated for each lane. Lane marked ‘RNA’
RNA binding are shown on the right.
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were added to the resins containing the cb protein and RNA at
molar ratios of 150:1 or 400:1 in buﬀer A. The complex prod-
ucts formed were analyzed in gel-shift assays in non-denatur-
ing agarose gels. Addition of Mg2+ or Ca2+ slightly
stimulated RNA-binding activity but Zn2+ and Cu2+ elicited
a much more eﬃcient binding (Fig. 2B).
Thus, gel-shift RNA-binding assays in MgCl2- and ZnCl2-
containing buﬀers (TMB and TZB, respectively) were con-
ducted to estimate minimal protein–RNA molar ratios, when
all of the available RNA was bound to a protein (full retarda-
tion ratio), and to calculate the quantitative parameters of the
RNA–protein binding (Hill coeﬃcient and Kd). Full retarda-
tion ratios for the cb protein and TMV RNA were 800:1 in
TMB and 200:1 in TZB. The plots, where the amounts of free
RNA in fractions were plotted versus the logs of the protein
concentration, showed that binding is described by a two-step
curve reﬂecting protein:RNA interactions at low and high pro-
tein concentrations. Application of a Hill transformation to
the RNA-binding data revealed two Hill coeﬃcient values of
about 2.0 for both buﬀers at low protein concentrations and
of about 4.0 and 8.0 at high protein concentrations in TMB
and TZB, respectively (Fig. 3). The apparent dissociation con-
stant Kd was 3.2 lM for TMB and 1.6 lM for TZB at a TMV
RNA concentration of 32 nM. The complexes formed by the
cb protein in both buﬀers at 50 mM NaCl were also stable
at 500 mM NaCl (data not shown). Thus, the cb protein dem-
onstrates a highly cooperative non-speciﬁc RNA binding,
which eﬃciency is strongly stimulated by Zn2+ cations.Cl2-containing (TMB) (A) and ZnCl2-containing (TZB) buﬀers (B).
A and subjected to electrophoresis in 1% agarose non-denaturing gels.
is a sample with no protein added. Hill plots of the PSLV cb protein–
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We constructed several mutant proteins with amino acid
substitution at both ZnF motifs and the BM motif and with
a deletion of the CC (coiled-coil) motif (Fig. 1). The BM mu-
tant, in which 4 of the 6 basic amino acid residues were re-Fig. 4. Gel-shift assay for RNA-binding activity of the BM mutant (A,B) and
mutant proteins were incubated with 0.5 lg of TMV RNA and subjected to e
ratios are indicated for each lane. Lane marked ‘RNA’ is a sample with no pro
right.placed with non-charged amino acid residues (Fig. 1), bound
RNA in TMB less eﬃciently than the wild-type (wt) cb pro-
tein. The full retardation ratio was 1600:1 or two times higher
than for the wt cb protein (Fig. 4A). Hill coeﬃcients of 1.2 and
3.8 for low and high protein concentrations, respectively, andthe ZnF2 mutant (C,D) in TMB and TZB. Increasing amounts of the
lectrophoresis in 1% agarose non-denaturing gels. Protein:RNA molar
tein added. Hill plots of the cb protein–RNA binding are shown on the
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acted with RNA similarly to the wt cb protein: the full retar-
dation ratio was 200:1 (Fig. 4B); Hill coeﬃcients were of 2.0
and 8.0; the Kd was of 1.6 lM. These data indicate that the
BM is not the only RNA-binding region of the protein and
that high eﬃciency and cooperativity of protein–RNA interac-
tions could be provided by other motifs (structures), most
likely by ZnFs formed in the presence of ZnCl2.
The ZnF2 mutant (Fig. 1) bound RNA in TMB similarly to
the wt cb protein (Hill coeﬃcient of 2.0 at low and 4.0 at high
protein concentrations and the Kd of 3.2 lM) (Fig. 4C). In
TZB this mutant bound RNA with lower cooperativity than
the wt protein at high protein concentrations (Hill coeﬃcient
was of 4.0 instead of 8.0), although it retained the same Kd
of 1.6 lM and the same full retardation ratio of 200:1
(Fig. 4D). There was no diﬀerence in RNA binding properties
between the ZnF2 mutant and the ZnF1 mutant (data not
shown). Thus, the absence of any of the ZnFs decreased the
cooperativity of protein–RNA interactions although the eﬃ-
ciency (full retardation ratio) did not change. The NaCl stabil-
ity of complexes with all mutants was slightly lower than that
of complexes with the wt cb protein (data not shown).
It has been shown that the C-terminal coiled-coil motif is re-
quired for the BSMV cb homologous protein–protein interac-
tion [5]. In this study we deleted the predicted coiled-coil motifFig. 5. The PSLV cb protein binding to oligonucleotides and various RNA. T
TZB (B). Competition assay (C, D): the cb protein was preincubated with [3
competitors (ss/ds RNA or ss/ds DNA) added at 10- or 100-fold excess. The
with ssRNA and dsRNA (300 nt or 300 bp) in TMB and TZB (gel-shift assaof the PSLV cb protein to obtain the dCC mutant (Fig. 1).
Analysis of RNA-binding properties of the dCC mutant
showed that deletion of the C-terminal coiled-coil part did
not aﬀect the character and quantitative parameters of RNA
binding in either of the buﬀers: full retardation protein:RNA
molar ratios, Hill coeﬃcient and Kd were similar to those of
the wt cb protein (data not shown). Thus, the N-terminal part
of the cb protein, presumably the ZnFs, can also provide
homologous protein–protein interactions at least in the pres-
ence of RNA.
3.3. The cb protein interactions with oligonucleotides and
diﬀerent nucleic acids
Some viral proteins that function as silencing suppressors
showed speciﬁc interactions only with short RNAs [16], while
the others demonstrated no size speciﬁcity in RNA binding
[17]. The capability of the cb protein to interact with ssRNA
oligonucleotides (21 nt) was studied in gel-shift assays
(Fig. 5A, B). The cb protein could bind ssRNA oligonucleo-
tides more eﬃciently in TZB than in TMB: full retardation
protein:RNA molar ratios were 6:1 and 60:1, respectively.
Hence, the diﬀerences in full retardation ratios between TZB
and TMB in the case of RNA oligonucleotides was even more
striking (10-fold) than those with a large size (6.4 kb) TMV
RNA (4-fold). The aﬃnity of the cb protein to various typeshe cb protein interaction with ssRNA oligonucleotide in TMB (A) and
2P]-oligonucleotides (21 nt) in TMB and TZB and then incubated with
samples were subjected to 10% PAGE. (E) The cb protein interactions
y in 1% agarose gels). Protein:RNA molar ratios are indicated.
5082 D.V. Rakitina et al. / FEBS Letters 580 (2006) 5077–5083of oligonucleotides was analyzed in competition experiments.
Non-labelled competitors (ss/ds RNA/DNA oligonucleotides
of the same size) were added in 10- or 100-fold molar excess
to the preformed complex of the cb protein and [c-32P]-labelled
ssRNA oligonucleotide and the resulting complexes were ana-
lyzed in gel-shift assays (Fig. 5C, D). The cb protein demon-
strated no preference for any type of oligonucleotides in
either buﬀer; interestingly, all oligonucleotides including
ssRNA oligonucleotides were weak competitors.
The comparative ability of the cb protein to bind ssRNA
and dsRNA was tested with transcripts (300 nt) and their du-
plex. In TZB the cb protein bound dsRNA less eﬃciently than
ssRNA:full retardation ratios were 300:1 for ssRNA and 600:1
for dsRNA (molar concentration of ssRNA and dsRNA were
equal). In TMB ssRNA was fully retarded at a molar ratio of
1200:1 while dsRNA showed no retardation within physiolog-
ical range of protein concentrations (Fig. 5E). Thus, Zn2+ is
crucial for dsRNA binding. The cb protein showed ssDNA
binding activity similar to that of ssRNA (data not shown).
Hence, the cb protein preferred ssRNA and ssDNA but could
also interact with dsRNA and oligonucleotides of various
types.4. Discussion
Zinc-ﬁnger motifs of the cysteine-rich regulatory cb proteins
of theHordeiviruses are vital for the appropriate functioning of
these proteins in vivo [2,6]. However, whether the zinc ﬁnger
domains of these proteins interact with RNA have remained
unclear. In this work, we showed for the ﬁrst time that zinc
ions strongly stimulated nucleic-acid-binding activity of the
PSLV cb protein.
Similarly to the BSMV cb protein [6], the PSLV cb protein
preferably binds Zn2+ compared to other divalent metal cat-
ions. Comparison of the PSLV cb protein RNA-binding activ-
ities in buﬀers containing ZnCl2 (TZB) or MgCl2 (TMB)
demonstrated increases in the eﬃciency and the degree of
cooperativity of non-speciﬁc protein–RNA interaction in the
presence of Zn2+. Full RNA retardation requires about 4 times
less cb protein in TZB than in TMB, and Hill coeﬃcient at
high protein concentrations was of 8.0 in TZB as compared
to 4.0 in TMB. It has been shown that the BSMV cb protein
contains three zinc-binding motifs, namely, two zinc ﬁngers
and the basic motif [6]. To reveal the involvement of these mo-
tifs in RNA binding, we studied the RNA-binding activity of
PSLV cb mutants. The BM mutant bound RNA less eﬃciently
than the wt protein in TMB but there was no diﬀerence in
RNA-binding activities of the BM mutant and wt proteins in
TZB. On the other hand, both the ZnF1 and ZnF2 mutants
had binding characteristics similar to those of the wt protein
in TMB and retained a high RNA-binding activity in TZB
although the cooperativity decreased (Hill coeﬃcient of 4.0
versus 8.0). These data indicate that RNA-binding in Mg2+-
containing buﬀer (in the absence of zinc ions) is mainly
provided by the BM. Donald and Jackson [10] have come to
similar conclusions studying RNA binding of the BSMV cb
protein in a buﬀer without divalent cations. In the presence
of zinc ions, the contribution of the BM is less signiﬁcant
and the ZnFs appear to have a predominant role in RNA
binding. Interestingly, each of the ZnFs could provide eﬀectiveRNA binding although both motifs were essential for the high-
est binding cooperativity. Thus, the hordeivirus cb protein has
three RNA-binding motifs – the BM and two ZnF motifs.
The fact that the deletion of coiled-coil motif did not aﬀect
the protein’s RNA binding suggests that the N-terminal part
of the cb protein is suﬃcient for a highly cooperative RNA
binding. It is known that zinc ﬁngers mediate protein–protein
interaction in numerous cysteine-rich proteins [18]. We
hypothesize that zinc ﬁnger motifs may contribute to these
interactions. Although Bragg and Jackson [5] have shown that
the coiled-coil motif has a major role in BSMV cb homologous
protein–protein interactions, they have not excluded contribu-
tion of the N-terminal region to cooperativity at least in the
presence of RNA.
Taking into account that the PSLV cb protein is a suppres-
sor of RNA silencing [4], we also studied interaction of the
protein with ssRNA oligonucleotides (21 nt) and showed that
binding this RNA was about 10 times more eﬃcient in the
presence of Zn2+ than in the presence of Mg2+. In competition
experiments we failed to ﬁnd any eﬃcient competitor among
ss/ds RNA oligonucleotides or ss/ds DNA oligonucleotides.
These data may indicate that interactions between the protein
and RNA oligonucleotides are rather strong. In addition, the
cb protein interacted with ssDNA and ssRNA with the similar
eﬃciency, and bound dsRNA less eﬃciently than ssRNA.
Thus, according to our data, the cb protein is a universal nu-
cleic-acid-binding protein, which activities increase substan-
tially in the presence of zinc ions. The cb protein is a
multifunctional protein that participates in several biological
activities in vivo. The in vitro properties could reﬂect many
roles of the cb protein in the infection cycle.
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